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AeSTRACT 
OPTIMIZATION OF SAWTOOTH AND MULTI-SLAB 
WIRE-ON-TUBE CONDENSERS 
Philip Robert Barnes, MS 
Department of Mechanical and Industrial Engineering 
University of Illinois at Urbana-Champaign, 2000 
Clark W. Bullard, Advisor 
Correlations for air and refrigerant heat transfer and pressure drop were combined to optimize the design of 
various wire-on-tube condenser configurations. Energy consumption was minimized for each configuration, 
designed to meet 2001 energy standards. Proposed designs have higher angles of attack (60°-90° versus 0°_15°) 
than current designs, which can achieve higher heat transfer coefficients at 50-70% lower airflow rates. This is 
accomplished with similar compressor power and heat exchanger weight, compared to conventional designs. The 
lower flow rates result in decreased face velocities at lower duct heights, thus reducing noise and increasing 
refrigerator cabinet volume. If fan-motor efficiency were doubled, energy consumption could be reduced by 2%, 
while the optimal airflow rate would increase 18%. A coil configuration consisting of many vertical slabs results in 
lowest energy, mass and cost, but may increase cycling losses. 
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1. INTRODUCTION 
Refrigerator manufacturers are faced with the difficult task of simultaneously improving overall system 
performance and increasing the refrigerator compartment volume. This must be accomplished while maintaining 
low overall cost. Recent work at the ACRC has identified sawtooth-shaped or multislab wire-on-tube condensers as 
possible solutions (Lum and Clausing 1997, Petroski and Clausing 1999). That work examined, in wind tunnel 
testing, the airside heat transfer and pressure drop effects of various parameters, and then developed correlations to 
predict condenser performance over a wide range of conditions. This paper uses a simulation model, with these 
correlations, to examine the tradeoffs between operating cost and first cost of wire-on-tube condensers. Each cost is 
examined separately, subject to several geometric and operating constraints. The sawtooth-shaped coils are then 
compared to other possible configurations. Figure 1.1 shows possible layouts of the coils examined in this analysis. 
2. OBJECTIVES 
2.1 Cost definition 
compressor fan 
a) Sawtooth and slab b) Block 
Figure 1.1 Possible refrigerator floorplans 
It was critical to determine how much heat would be rejected by a condenser in an 18ff refrigerator designed 
for the 2001 energy standard. The ACRC has extensive, reliable data obtained from a 25ft3 Amana side-by-side 
refrigerator designed using the 1993 energy standard. According to curve fits of performance data for the 
compressor used in the 25ft3 unit (Shimon 1997), the amount of heat rejected by the condenser is 340W. In this 
analysis, values for ril and T dis were calculated from T cond = 110°F and T evap= -10°F. Condenser inlet enthalpy was 
calculated at P sat( 110°) and T dis, while outlet enthalpy was calculated at T = 11 0° and x=O. However, according to 
tests performed by Srichai (1997), this refrigerator rejects approximately 330W at Tamb=90°F. To scale the 25ft3 
unit meeting 1993 energy standards to an 18ft3 unit meeting the 2001 standards, the heat rejected was scaled by 
annual energy consumption as specified in the standard. 
Q _ Q . E 18,93 • E 18,Ol _ 330W. 643 kWh/yr 450 kWh/yr C1893 - CZS93 -
, , EZS,93 E 18,93 796 kWhlyr 643 kWhlyr (2.1) 
===185W 
This scaling factor assumes that QclE is identical from 1993 to 2001. This rough analysis also assumes there is 
no improvement in compressor efficiency, or any changes to evaporator design. Since it is impossible to predict 
how these assumptions might affect the amount of heat rejected by the condenser, the value is set to 185W for all 
runs. 
1 
.. ' 
Actual prices vary greatly between suppliers and over time. Therefore, first cost and operating costs are 
difficult to quantify in terms of dollars, and other measures are necessary. System energy is used to quantify 
operating cost. 
(2.2) 
The model presented here is strictly a condenser model. A compressor map was provided by Shimon (1997) to 
determine compressor work. Compressor maps are curve fits of flowrate anc;t power as functions of condensing and 
evaporating temperatures. Evaporating temperature was set at -10°F, and W comp was scaled by mass flowrate as 
indicated in Eq. (2.3). 
. m· 
Wcomp = _._r_ W map 
mmap 
(2.3) 
V& Wfan =---- (2.4) 
T) fan T) motor 
(2.5) 
This approximation assumes that fan power varies as the cube of air flow rate, but there are probably minor 
bearing losses in the motor that vary linearly, resulting in a slight overestimation of energy savings. However the 
magnitude of this error is much smaller than the uncertainty on duct losses which are described below. Later 
sections provide pressure drop correlations for each type of heat exchanger. For volumetric flowrate, density was 
calculated at ambient room temperature and standard atmospheric pressure of 14.7psi. Data obtained from Morrill 
Motors (Blackburn, 2(00) provided the efficiencies needed. In the range of flowrates presented here, an average 
value of 0.07S is used for the product of fan and motor efficiencies (33% for PSC motor, and 23% for fan). 
The total pressure drop includes the pressure drop across the coil, grille and all ductwork. Current designs have 
approximately SO% of the total pressure drop for the coil, with the. grille ~d ductwork accounting for the rest. 
Kelman and Bullard (1999) conducted experiments to determine Wand V using the same fan from Morrill Motors 
in an Amana side-by-side refrigerator with air flow in the front and out the back. It was then possible to calculate 
the total pressure drop for each data point from Kelman using Eq. (2.4). Assuming a SOISO coiVduct split for the 
conventional system, Cd was calculated by Eq. (2.S) and averaged over all the data points. The average value was 
determined to be 7.7. 
This calculated value of Cd is for a system with no real duct, which contains many objects which interrupt the 
flow (i.e. drip pan, compressor, and grille). For comparison, Cd was calculated due to friction only in a clean duct of 
medium roughness of the same size as the coils examined here (2"x2S"x14"). Using this method, ~ was calculated 
to be 0.2, almost negligible compared to the Cd for existing systems. Assuming arbitrarily that air flow paths can be 
economically streamlined to eliminate a little more than half the losses (say Cd == 3), the optimal design can reduce 
the compressor power even further without as much penalty to fan power. A sensitivity analysis revealed that this 
would be accomplished by decreasing tube diameter and tube spacing while increasing wire spacing. However, all 
geometric changes are small and the overall result is a reduction in condensing temperature. Therefore, all 
simulations reported here were conducted with the higher Cd which will slightly overpredict energy compared to a 
truly optimized design with a duct. The effects of Cd are discussed further in Section S.2 Duct Effects. 
2 
As a surrogate for first cost, coil mass is calculated as follows: 
(2.6) 
(2.7) 
where 4 is the length of one tube and Lc is the entire flow length of the condenser including all tubes and return 
bends. The density of steel was set to 490.1 Ib/ft3. 
, Energy was minimized, while monitoring mass, subject to the constraints given in Table 2.1. Typical wire-on-
tube condensers have wire spacings between 0.188 and 0.250in, and tube spacings between 1.0 and 2.0in. Both 
ranges were increased slightly to provide further insight. The lower and upper limits of wire diameter in the 
correlation correspond to 18 gage and 16 gage wire, respectively. This range was extended by an equal amount in 
both directions for the search. The tube outer diameter range was chosen based upon a standard size (0. 189in) and 
keeping the ratio of Dt to Dt,i at 1.32 to hold burst pressure constant. This parametric analysis ignored such 
manufacturing problems as welding thin wires, making sharp tube bends or making smaller tubes than might be 
economically practical. 
It is possible to reject 185W at many condensing temperatures depending on refrigerant flowrate. Therefore, to 
fully specify the problem one additional operating condition must be included in the optimization. No upper and 
lower limits were set for condensing temperatures in the search, as indicated in Table 2.1. The condensing 
temperatures (T c) reported are the two-phase inlet and outlet temperatures. 
Table 2.1 Optimization constraints 
lower bound 
variable upper bound 
search correlation correlation search 
0.100 0.189 Dt (in) 0.189 0.350 
0.033 0.048 Dw (in) 0.063 0.078 
0.3 1.0 St (in) 1.0 2.5 
0.04 0.189 Sw (in) 0.25 0.40 
0.642 0.64 Ss (in)a 3.0 3.0 
-- --
Tc(F)D 
-- --
a-60° angle elumnates slab spacmg as degree of freedom for sawtooth 
configuration 
b - no bounds were set in the optimizations 
To calculate the refrigerant temperature at the compressor discharge, a compressor map would normally be 
used. However, the compressor map used in this model is for a larger refrigerator and scaling by mass flowrate is 
not realistic for temperature. Therefore, the difference between discharge temperature and condensing temperature 
was specified to 67°F. This is the value as found experimentally by Kelman (1999), at the standard DOE test 
condition. 
For most parameters, the optimal value lay at one of the maximum or minimum dimensions which defined the 
liJ,11its of the correlations. We extrapolated beyond those limits, as shown in Table 2.1, simply to gain a qualitative 
understanding of the tradeoffs. Therefore, all of these results should be interpreted with caution. Finally, to 
simplify the analysis we did not limit the search to integer numbers tube passes since it is the trends that are of 
interest. 
3 
.... 
While exact monetary values are impossible to state with certainty, it is possible to use approximate values to 
observe the relative importance of each cost. One inch of duct height represents 0.36ft3 of cabinet volume in an 18 
cubic foot refrigerator. Assuming a manufacturer can sell refrigerators at $30/~, each inch reduction in duct height 
could increase the sale price by $10.80. Assuming 50% operation time (4380 hr/year) and a constant price of 
electricity at $0.0858IkWh (from the 1997 DOE price projection), a one watt reduction in energy saves $0.38 each 
year. At 6 percent real interest (in addition to the inflation rate), this saves $3.65 over a 15-year lifetime. Steel 
prices vary greatly with supplier and quantity and for wires and tubes. Assuming $0.03 per foot of steel tube and 
$0.25 per pound of steel wire, each pound of condenser costs $0.67 in raw materials (assuming the wires represent 
about half of the mass). Table 2.2 concisely states these costs, however no additional cost has been added for the 
number of tube bends or welding joints, which would increase the effect of mass on total cost. 
Table 2.2 Approximate monetary tradeoffs 
parameter reduced by approx $ 
height lin $10.80 
WtrA lW $3.65 
mass lib $0.46 
2.2 Governing equations 
The condenser is modeled as having two regions (desuperheating and two-phase) using the heat exchanger 
effectiveness method in the superheated region 
8 = Qactual = Qactual Qactual 
Qmax CmindTmax = Cmin (Tr'in - Ta,in) 
(2.8) 
and Cmin is the minimum heat capacity rate between the two fluids. For specific heat exchanger conditions (Le. 
geometry, type of flow) the effectiveness can be related to the size of the heat exchanger through the number of 
transfer units (NTU). 
NTU= UA 
Cmin 
(2.9) 
The single-phase E-NTU relationship depends on heat exchanger geometry. The specific relationships are 
presented in later sections. For two-phase flow without pressure drop, the refrigerant temperature is constant and E 
is geometry-independent: 
(2.10) 
This simplification does not apply to the two-phase region when there is pressure drop, because saturation 
temperature is not constant. Therefore, when two-phase pressure drop becomes substantial, the log-mean 
temperature difference method is used instead of E-NTU in the two-phase zone if the heat exchanger is counterflow: 
Q=UA·LMTD (2.11) 
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wnere 
LMTD = (Thot,iD - TC01d,out)- (Thot,out - TC01d,in) 
In( Thot,in - Tco1d,out ) 
(Thot,out - TC01d,iD) 
(2.12) 
. The wires act as fins, so the fin efficiency (Tlw) must be taken into account. Hoke, Clausing and Swofford 
(1997) showed 
tanhm 
TJw =---
The correlations used to determine the value of hw are geometry-specific and therefore are given in the 
fo\lowing sections. The surface resistance CRsurf) is given by 
where 
The overall UA from Eq. (2.9) is then related to hw through 
(2.13) 
(2.14) 
(2.15) 
(2.16) 
(2.17) 
The air-side correlations presented in the following sections are curvefits of the wire Nusselt number as a 
function of Reynolds number. Where 
(2.18) 
and kw was set to 60.5 W/m-K. 
The single-phase refrigerant-side heat transfer coefficient is calculated by the Dittus-Boelter (1930) correlation. 
The Dobson-Chato (1998) correlation for low mass fluxes is used to calculate the two-phase heat transfer 
coefficient. Refrigerant-side pressure drop in the two-phase region is calculated using de Souza and Pimenta (1995), 
and the Darcy friction factor (ASHRAE, 1997) in the superheated region. Appendix A. Correlations provides the 
details of these correlations. 
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3. SAWTOOTH SHAPED COIL 
Petroski and Clausing (1999) performed extensive tests on various sawtooth-shaped coils (Figure 3.1). The 
correlations developed from that work were used here to determine an optimal design in terms of mass and energy. 
+ 
a) Top view t b) Side view 
t t t t 
Figure 3.1 Sawtooth coli orientation 
The advantage of this coil over traditional designs is that is is able to take advantage of increased hw at high a. 
(Hoke 1997, Lum 1997), and still be placed under the refrigerator cabinet as shown in Figure 1.1 a. Their prototype 
heat exchangers were bent at a 60° angle with a 0.42in. radius. Wires are welded to the tubes before bending into 
the sawtooth design. This causes uneven spacings at the bends as wires are further apart on the outside of the bend, 
and closer together on the inside of the bend. Our model assumed sharp peaks as indicated in Figure 3.2. Therefore, 
in the model, cutting duct height in half doubles the number of teeth and does not affect mass. This assumption 
breaks down at the lower duct heights because the peaks become flatter and more elongated which tend to act as 
condensers with a.=00 (petroski). Refrigerator manufacturers would like to lower duct height as much as possible 
with a preference for H ~ 2in. The sawtooth correlation was developed for duct heights of 2.5 and 3.5in., including 
a clearance of 0.25in. on both top and bottom. Due to the sharp peak assumption, extrapolation below this range of 
aII1plitudes is risky. Results are presented for H=1.5, 2.0 and 3.0in. The results for the smallest height should be 
tested before fully trusting the results. It is presented only to provide insight to design tradeoffs in the ideal situation 
where peaks are sharp. 
2H 
Figure 3.2 Sawtooth height assumption 
Petroski and Clausing also conducted experiments on sawtooth coils having wires parallel to the airflow, and 
tubes normal to it. Since performance deteriorated much more sharply with coil height, such designs were not 
consil;lered in this analysis. 
3:1 Sawtooth equations 
, Petroski showed that a sawtooth shaped wire-on-tube condenser with air flow perpendicular to the wires can be 
modeled as a parallel-counterflow heat exchanger, similar to a shell-and-tube heat exchanger with an even number 
of tube passes. For this assumption, Incropera and DeWitt (1996) give 
6 
NTU = -(1 + C2 t1l21n(E -1) 
E+l 
E= 2/s-(I+C) 
.Jl+C2 
C=Cmin 
Cmax 
(3.1) 
(3.2) 
(3.3) 
As mentioned earlier, Eq. 2.10 cannot be used in the two-phase region if there is substantial pressure drop due 
to a constant temperature assumption. However, during the subsequent analyses, the "optimal" pressure drop 
corresponds to approximately a 2°P change in condensing temperature, transverse to the air stream. In this range, 
the constant temperature assumption is reasonably accurate, so Eq. 2.10 was used with the average condensing 
temperature. 
The correlation Petroski developed is based upon the maximum velocity corresponding to the minimum free 
flow area through the coil. The ratio of maximum to face velocity is defined as V ratio. Therefore, by continuity 
Aface = V max = V 
- ratio A min Vface 
After solving for the area ratio, Eq. (3.6) becomes 
Petroski then presented the sawtooth heat transfer correlation as 
Nu w = 0.112 Re::!7 Remax~ 370 
where 
Petroski also developed a correlation for the air pressure drop across the coil as given by 
M'" =CD(~PV;" ) Remax~ 370 
CD = 72.7 Re;!:3 
3.2 The optimal sawtooth deSign 
(3.6) 
(3.7) 
(3.8) 
(3.9) 
(3.10) 
(3.11) 
Searching over six dimensions in a program containing many simultaneous equations is inherently a very 
difficult task. The optimizations were performed by using the multi-dimensional search feature in EES computer 
software. Optimizations were repeated using two different algorithms (direct search and variable metric) multiple 
times each to determine the true minimum. To ensure that the program did not become stuck on a local minimum, 
the minimizations were repeated starting from various initial guess values within the ranges. Table 3.1 shows the 
geometries that yield minimum energy for given duct heights within the range of constraints presented in Table 2.1. 
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The column labeled "Typical" contains data from the previously mentioned 25fe refrigerator. Values marked by * 
have been scaled down to a 18ft3 unit, using the ratio of 1993 energy standards for the two sizes. 
Table 3.1 Optimal sawtooth geometry 
(L=14in W=25in) , 
Typical H=1.5 H=3.0 
Qc(W) 270· 185 
Wtot(W) 137· 94.7 
Wcomp(W) 130· 91.4 
Wfan(W) 7· 3.3 
V (cfm) 100· 48 
V face (ft/s) 3.2· 3.1 
Dt (in) 0.189 0.159 
Dw (in) 0.063 0.078(+) 
St (in) 0.875 0.505 
Sw (in) 0.188 0.205 
Nsa 
-- 12 
SSb (in) 
-- 1.1 
Tc (oF) 110 104-102 
mass (lb) 8· 
Lcood (ft) 75· 
T air out (oF) 99· 
Acooo (i'f) 11.1· 
hw (BtuIhr-i'f-F) 3.4· 
APref(psi) 5 
Volref (in3) 12.1· 
Remax 
a - Ns = number of teeth for sawtooth 
b - Ss = peak-to-peak spacing for sawtooth 
(+)-value is at maximum search bound 
* - scaled value 
9.8 
115 
103 
13.0 
11.0 
4.8 
15.8 
266 
H=2.0 H=3.0 
185 185 
93.7 92.5 
90.7 89.9 
3.0 2.6 
53 62 
2.6 2.0 
0.159 0.157 
0.078(+) 0.078(+) 
0.464 0.409 
0.191 0.174 
8 5 
1.7 2.8 
103 -101 102 - 99 
10.4 11.3 
124 140 
101 100 
13.9 15.1 
10.3 9.5 
5.3 6.4 
17.1 18.9 
242 213 
The condensers in an 18~ unit meeting the 2001 energy standard need to reject approximately 30% less heat 
than typical designs. Similarly, the compressor consumes about 30% less energy. Additional energy savings for the 
optimal sawtooth designs come from a 50% cut in fan power as a result of lower air flowrates. Hoke et al (1997) 
arid Lum (1997) showed that heat transfer coefficient increases with a, while typical designs have the majority of 
the surface at angles ranging from 0-15°. Therefore, less air is required to achieve a high heat transfer coefficient, 
resulting in the lower fan power. Also due to the lower heat rejection, refrigerant mass flowrate decreases, allowing 
for smaller diameter, longer tubes with only a moderate effect on pressure drop. The smaller tube diameters 
increase heat transfer coefficient. In order to maintain high area and fin efficiency, wires went to the upper bound in 
diameter which require moderate wire spacings compared to typical designs. 
To reduce duct height to 2" from 3", tube and wire spacing increase to reduce air-side pressure drop. This 
allows for a smaller tube diameter to decrease refrigerant-side heat transfer resistance to compensate for less area. 
8 
The net effect, however, is an increase in condensing temperature, due to a lower air flowrate that keeps fan power 
from increasing substantially. While energy increases by 1.2W (-$4.40), mass decreases by 0.91b (-$0.40) while 
the volume of refrigerated space increases 1" (-$10.80). A further reduction in duct height (to 1.5") still appears 
cost effective, but less so. It saves about $5.60 and $0.30 in volume and mass, respectively, while increasing energy 
costs by an additional $3.65. 
The next section shows that the minimum-energy range is quite flat so there are many options for achieving 
very similar energy values. 
3.3 Tradeoffs In vicinity of optimum 
3.3.1 Wire effects 
To examine wire effects, tube dimensions were held constant while wire geometry varied. As shown in Table 
3.1, the H=2 case provides an intermediate balance between lower energy (at H=3) and lower mass and duct height 
(at H=1.5). Therefore, Figures 3.3 and 3.4 show mass and energy tradeoffs around the minimimum-energy case for 
H=2. Wire tradeoffs for H=1.5 and H=3 are plotted in Appendix B. Additional Graphs (Figures B.1 through B.4). 
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As indicated in Figure 3.3, for a given wire diameter, there is a fairly wide range of wire spacings resulting in 
similar energy values. This observation combined with the tradeoffs in Figure 3.4 suggest several means of 
reducing mass with a minimal penalty to energy. For Ow=O.078 it is possible to reduce mass by 14% (10.4 to 8.9Ib) 
from the min-energy case by increasing Sw from 0.191 to 0.263in. In this case, Atot (Aw+AJ decreases from 13.8 to 
12.0 ft2. This requires air flowrate to increase from 53 to 59 cfm which increases face velocity slightly (from 2.6 to 
2.8 fils). However, the increased wire spacing actually decreases Vmax (from 6.5 to 6.1 fils) and therefore slightly 
decreases pressure drop from 0.0353 to 0.0352 inH20. The increased flowrate and decreased pressure drop result in 
an energy increase of only 0.27 W (0.3%). 
Another possible way to decrease mass is to use thinner wire. The minimum energy for Ow=0.055 occurs at 
Sw=0.143in. This option decreases Atot from 13.6 to l3.5 ft2. However, since the air-side heat transfer coefficient is 
inversely proportional to Ow (Eq. 2.18), hw increases, thus requiring less air, and air flowrate actually remains 
constant. However, the tighter wire spacing increases pressure drop from 0.0353 to 0.0395 inH20. This results in a 
higher energy (94.0W) than the optimal thick wire case (93.7W). Therefore the thinner wire increases energy by 
0.3%, but it decreases mass by 21 % (10.4 to 8.2Ib). 
3.3.2 Tube effects 
To examine tube effects, wire dimensions were held constant while tube spacing and diameter were varied. 
Figures 3.5 and 3.6 show mass and energy tradeoffs around the minimum-energy case for H=2. The tradeoffs for 
H=1.5 and H=3 are plotted in Awendix B. Additional Graphs (B.5 to B.8). 
10 
-.' 
Figure 3.5 Tube effects on energy for sawtooth coli (H=2) 
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Comparing Figure 3.3 to 3.5 it is clear that varying tube spacing at a constant tube diameter increases Vi tot 
more than by varying wire spacing at a constant wire diameter. This is a result of the tubes directly affecting both 
air and refrigerant values. Figures 3.5 and 3.6 suggest multiple means of reducing mass from the minimum-energy 
point, with little effect on energy. One option is to hold Dt constant at 0.159in. and increase St. According to the 
graphs, if St increases from 0.464 to 0.820 in., mass is reduced by 1.4lb (14%) while energy increases by only 0.4W 
(0.4%). Another option is to use DrO.125 and decrease St to the new minimum (0.404 in. from Figure 3.5). This 
decreases mass by lIb (9.6%) and increases energy by less than O.lW (0.1 %). 
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4. VERTICAL SLABS 
In the extreme sawtooth design, a=90°. Lum and Clausing (1997) developed a correlation for multi-slab 
vertical coils. For comparison, the model was modified to simulate a vertical slab condenser in the same manner as 
the sawtooth coil. Figure 4.1 shows the layout of the vertical slab coil. 
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Figure 4.1 Vertical slab coli orientation 
As it is pictured in Figure 4.1, the slab coil is short and wide and would be placed underneath the cabinet like 
the sawtooth coil (Figure 1.1a). One potential problem with this configuration is circuiting. As circuited in the 
diagram, some slabs would have a general upward flow. Upon shutoff the liquid in the tubes would settle at the 
bottom and boil during the off cycle, increasing cycling losses. The analysis performed here just considered the 
circuiting as shown in Figure 4.1. Another possibility of the slab coil is to have a block coil as shown in Figure 4.2. 
This configuration could be placed in the back of the refrigerator near the compressor, as shown in Figure 1.1 b. 
Therefore, the duct height could be lowered even further, provided enough air could reach the back of the 
refrigerator. This case was simulated assuming a one-inch duct height. However, while the slab configuration 
would have air flow in the front and out the back like the sawtooth design, for the block design the air would be 
required to make more turns to reach the coil, and flow back out through the grille after passing over the 
compressor. Therefore, the Cd from Equation (2.5) remained 7.7 for the slab coil, and it was assumed to increase by 
50% for the block coil and set to 11.5. 
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Figure 4.2 Vertical block coli orientation 
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4.1 Vertical slab equations 
The minimizations for the slab coil tended to increase pressure drop to match the air temperature glide. In this 
situation, Eq 2.10 cannot be used in the two-phase region so an LMTD method was used, and the circuiting assumed 
to' be counterflow. In most cases, the transition from two-phase to superheated region occurred in the last slab. 
Since the optimal number of slabs was greater than 10, little error was introduced by approximating the two-phase 
region as a counterflow section and using the counterflow LMTD. 
The superheated region was modeled as a single pass crossflow heat exchanger with both fluids unmixed 
(Incropera and DeWitt, 1996): 
(4.1) 
Lum and Clausing investigated many different coil orientations and concluded that multi-slab coils with 
45°31.:590° can be evaluated on the performance of one single slab. He presented a correlation to be used for each 
slab. 
Nu =CReO.S744 
w max Remax~375 
For flow perpendicular to the tubes 
C = O.502sin(a)exp(-l.OI4a+ O.3775a2 ) 1t 1t -~a~-
4 2 
(4.2) 
(4.3) 
For this correlation, a. is in terms of radians. When a.=90°, the flow is perpendicular to both the tubes and 
wires, and therefore 0=0.2591. Lum developed the correlation for flow across one slab and showed that the 
performance degrades from the first slab to the second slab as slab spacing and velocity decrease. For the range of 
geometries considered here, the degradation was around 15% for two slabs operating at V fiK:e=1.6 fils, Ss= 0.65in. 
The data for slabs 3 and 4 were virtually identical to slab 2. Since our optimizations tended towards more slabs 
closer together, the value of hw from Equation (4.2) was reduced by 20% and applied to all slabs. 
Lum also developed pressure drop correlations (per slab) for coils at various angles of attack. 
For flow perpendicular to the tubes 
M .. ;CD Gp,v;., ) 
CD = Dl + D2 Re!x06S33 
Dl = -Q.7856sin(a)exp(1.177a-0.3229a2 ) 
D2 = 2.451sin(a)exp(O.2858a) 
where again a. is in terms of radians. For this case (a.=900) D1= -2.25 and D~3.84. 
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(4.4) 
(4.5) 
(4.6) 
(4.7) 
.... 
4.2 The optimal slab design 
Optimizations for the slab and block coils were performed in a similar manner to the sawtooth optimizations. 
The two different minimization algorithms were repeated multiple times each until the minimum energy was 
obtained. Table 4.1 shows the results of vertical slab minimizations within the range of constraints presented in 
Table 2.1. The "typical" design is repeated from the sawtooth table for comparison. 
The slab coil is essentially a counterflow heat exchanger. The optimal design increases refrigerant-side pressure 
drop to match the air temperature glide by decreasing tube diameter and spacing. Clearly the vertical slab case is 
more adversely affected by lower duct height than the sawtooth coil. For the 3" duct height, the slab coil uses 1.9W 
less than the sawtooth coil. However for the 2" duct, the slab requires only 0.9W less than the sawtooth coil. As 
noted by the increased pressure drop, the optimal slab coil nearly matches the air temperature glide and is able to 
bring the condenser outlet temperature to within 3 to 4°F of the inlet air (90°F). 
Table 4.1 Optimal slab and block geometry 
(L=14in, W=25in) 
Typical 
H=3.0 
Qc(W) 270· 
WtIX(W) 137· 
Wcomp(W) 130· 
Wfan(W) 7· 
V (cfm) 100· 
V face (ft/s) 3.2" 
DI (in) 0.189 
Dw (in) 0.063 
SI (in) 0.875 
Sw (in) 0.188 
Ns --
Ss (in) --
Tc (oF) 110 
mass (lb) 8" 
Lcoud (ft) 75· 
TairouteF) 99" 
Acoud (ft2) 11.1" 
hw (Btulhr-ft2-F) 3.4" 
Mlref(psi) 5 
Volref (in3) 12.1" 
Rem..,. 
a - at grille face 
( -) - value is at lower search bound 
( +) - value is at upper search bound 
* - scaled value 
H=1.5 
185 
94.7 
91.7 
3.0 
31 
2.0 
0.100(-) 
0.033(-) 
0.446 
0.083 
21(+) 
0.642(-) 
110-94 
4.4 
105 
110 
12.5 
12.9 
37.1 
5.8 
65 
15 
Slab Block 
H=2.0 H=3.0 8x8x14 
185 185 185 
92.8 90.6 93.8 
90.2 88.6 90.9 
2.6 2.0 2.9 
35 42 27 
1.7 1.4 3.9a 
0.111 0.127 0.122 
0.033(-) 0.033(-) 0.033(-) 
0.481 0.545 0.348 
0.086 0.091 0.072 
21(+) 21(+) 21(+) 
0.64Z<-) 0.642(-) 0.642(-) 
108-93 105 -93 111-92 
6.2 10.0 11.2 
147 217 314 
107 104 112 
16.8 25.3 27.9 
11.7 10.1 10.4 
32.3 26.6 42.6 
9.9 19.0 25.6 
55 43 45 
..... 
In terms of total energy, the block coil falls between the 1.5 and 2 in. slab cases. Like all slab cases the optimal 
block coil has thin wires and the layers are closely spaced. The duct portion of the total air-side pressure drop was 
based upon a higher Cd (11.5 versus 7.7 as discussed in the introduction of this chapter) and a higher V face in the 1" 
duct. Therefore air flowrate decreases to reduce the effects of coil pressure drop. The lower flowrate requires more 
area and therefore tube and wire spacing decrease. To account for increased tube length, tube diameter increases to 
prevent the refrigerant-side pressure drop from becoming substantial. However, due to the increased tube length and 
tighter wire spacing, the block coil is the heaviest of the slab style configurations. According to the rough cost 
approximations in Table 2.2, the block coil costs an additional $3.70 and $2.30 in energy and mass, respectively, 
compared to the 2-inch slab coil, but it saves $10.80 in duct height. 
4.3 Tradeoffs in vicinity of optimum 
4.3.1 Wire effects 
To examine wire effects, tube dimensions were held constant while wire geometry varied. Slab tradeoffs are 
shown in Figures 4.3 and 4.4 and block tradeoffs are shown in Figures 4.5 and 4.6. Wire tradeoffs for the slab coil 
at H=1.5 and H=3 are plotted in Awendix B. Additional Graphs (Figures B.9 through B.12). 
As observed for the sawtooth coil, for a given wire diameter there is a range of wire spacings that yield similar 
energy values for both the slab and block coils. The optimal slab and block coils use the thinnest wire within the 
search bounds. Therefore unlike the sawtooth design, there is only one option to change wire parameters to decrease 
mass. For the slab coil, increasing Sw from 0.086 to 0.129in, while keeping Ow constant at 0.033, will decrease mass 
by 1. lIb (18%) while only requiring an increase in energy ofO.5W (0.5%). The example reduces Atot from 16.9 to 
13.6 ft2 which requires more air flow (42 cfm) at a higher velocity (2.0 ftls) to maintain a relatively constant fin 
efficiency (0.94). 
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The block coil is slightly more sensitive to reduced surface area. Increasing Sw from 0.072 to 0.12lin, while 
keeping Dw constant at 0.033, will decrease mass by 1.91b (17%) while requiring an increase in energy of 0.8W 
(0.8%). This reduces area from 28 to 22 ft2, requiring 32 cfm (versus 27 cfm). For the one-inch duct height Vface 
increases from 3.9 to 4.6 ftls while keeping fin efficiency constant at 0.97. 
4.3.2 Tube effects 
To examine tube effects, wire dimensions were held constant while tube spacing and diameter were varied. 
Figures 4.7 and 4.8 show energy and mass tradeoffs around the minimum-energy case for H=2 for the slab coil. 
Figures 4.9 and 4.10 show the energy and mass tradeoffs for the block coil. The slab coil tradeoffs for H=1.5 and 
H=3 are plotted in Appendix B. Additional Graphs (B. 13 to B.16). 
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Comparing Figures 4.7 and 4.9 to Figures 4.3 and 4.5 it is clear that energy is more sensitive to tube parameters 
than to wire values for both the slab and block coils. This trend was observed for the sawtooth coil as well, however 
the energy penalty is greater for the slab and block coils. For the slab coil, when tube spacing decreases from the 
optimal value (0.481) to 0.37in, tube length increases (from 147 to 177ft) but refrigerant mass flowrate decreases 
due to the increased enthalpy change with the higher pressure drop (see Appendix C). Therefore, compressor power 
decreases slightly (from 90.24 to 90.23 W), but the increased number of tubes blocks more air and increases fan 
power (from 2.5 to 2.7 W) for a net increase in total power (from 92.8 to 93.0 W). However by increasing tube 
spacing from 0.481 to 0.82 mass decreases by 0.61b (6.2 to 5.6Ib) while requiring an increase to 40 cfm resulting in 
an energy increase of 0.4 W. This results in a slight increase in Vface (from 1.7 to 1.9 fils) necessary to compensate 
for the 9% decrease in heat transfer area (from 16.8 to 15.4 ft2). 
As shown in Figure 4.9, the block coil is more adversely affected by tube spacing and diameter. For example, if 
tube spacing increases from the optimal spacing, 0.348in, to 0.439 area 9ecreases by 2.2ft2 (8%) thus requiring 29 
cfm instead of 27. Therefore the reduced area results in an increase in W rot of O.4W (93.8 to 94.2W) while 
decreasing mass by 1. lIb (11.2 to 10.1 lb). This also increases the already high face velocity from 3.9 to 4.1 fils. So 
while the block coil allows for the lowest duct height and therefore provides the greatest cabinet volume, the energy 
consumption and mass required are clearly the highest. 
4.4 One-row configuration 
The slab and block coils, as drawn in Figures 4.1 and 4.2, have multiple slabs each with many tube passes 
serpentined in a general upward or downward direction. As mentioned earlier, this could increase cyclying losses as 
condensed liquid will tend to pool in the low spots and boil during the off-cycle. The effect is lessened with thinner 
tubes because slug/plug flow may occur as the refrigerant boils and a pocket of vapor spans the tube diameter, 
migrates through the tubing and pushes the liquid out. Even then however, but the problem would not be completely 
eliminated. Therefore, to combat this problem a one-row, slightly downhill configuration was examined. This coil 
consists of a series of slabs, each with one tube, underneath the cabinet at the full width (16" x 25"). In the back, 
next to the compressor, it has multi-row slabs that are 17" wide (out of the full 25" available) with slabs extending 
back an additional 1 0". Figure 4.11 shows a schematic of the one-row configuration with having one slab in the 
back, just upstream of the fan. 
Figure 4.11 One-row configuration 
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To implement this configuration into the model, an equivalent number of full-width one-row slabs were 
calculated based upon the total tube length according to Eq. 4.8. The tube spacing in the back is arbitrarily set equal 
to Ss for greater ease in manufacturing. This simplified analysis did not account for the 45% lower velocity which 
would occur in the taller region in the back and therefore will overpredict heat transfer coefficient. However, by 
assuming an equivalent number of one-row slabs, the fin length is HI (1.2"). Since Sr=Ss (0.642") the fin efficiency 
will be underpredicted in the back. Therefore, the analysis of the one-row coil will overpredict hw, but will 
underpredict Tlw. 
XSs ( ) Lcond = Ns,eqL t +2 NS,eq -1 (4.8) 
Initial analysis indicated that the optimal design would have 24 one-tube slabs in the front and around 15 four-
tube slabs in the back. In this case, the refrigerant at the transition from the front to the back (Figure 4.12, point 0) is 
about 35% vapor by mass, and each slab in the back increases quality by about 5%. The liquid at point 1 will 
gravitate down to point 2 during the off-cycle. Point 1 is critical because is has the lowest quality (-40%) of all the 
points where liquid will flow downward and become trapped. Since the refrigerant will have still some momentum 
immediately after shut-off, there should be some continued flow before the liquid starts draining backward. 
Therefore, quality at point 1 should be greater than 40% by the time it drains down toward point 2. 
1 
sup/2ph 
Figure 4.12 Side view of one-row configuration 
Results for the one-row coil minimizations are presented in Table 4.2 and H2 has been added to the list of 
optimization variables. If HI=H2= 1.2" , the one-row configuration occupies the same external volume as the 
2~5x14 sawtooth and slab coils. Table 4.2 includes one-row optimizations for HI=1.2 and 2". 
, The optimal 2" slab and block coils have fin lengths (tube spacings) of 0.481 and 0.348" respectively, while the 
one-row configuration has fin lengths ranging between 1.2 and 2". Therefore, to increase fin efficiency the one-row 
coil needs thicker wires and for air-side pressure drop, wires must be spaced farther apart. Thicker wires result in a 
decreased hw and increased AI> air than for thinner wires. Even when wire diameter increases to the maximum bound, 
fin efficiency is still below 0.9, while earlier minimizations had efficiencies between 0.94 ad 0.98. Therefore, total 
power is greater than for earlier optimizations. 
As a practical matter there may be a lower limit on coil hight, to allow room for the door to clear the customer's 
foot. 
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Table 4.2 Optimal one-row geometry 
Typical 
H=3.0 
Wtot(W) 137· 
Wcomp(W) 130· 
Wfan(W) 7· 
V (cfm) 100· 
V faa: (ft/s) 3.2· 
H2 (in) --
DI (in) 0.189 
Dw (in) 0.063 
SI (in) 0.875 
Sw (in) 0.188 
Ss (in) --
Tc (oF) 110 
mass (lb) 8· 
Lcooo (ft) 75· 
T air oul (oF) 99· 
Acooo (ft2) 11.1* 
hw (BtuIhr-ft2-F) 3.4· 
APref(psi) 5 
Volref (in3) 12.1· 
Reu-
.. (-) - value IS at mtntmum search bound 
(+) - value is at maximum search bound 
* - scaled value 
Slab 
H=2 
92.8 
90.2 
2.6 
35 
1.7 
--
0.111 
0.033(') 
0.481 
0.086 
0.642<-> 
108-93 
6.2 
147 
107 
16.8 
11.7 
32.3 
9.9 
55 
Block One-row 
8x8x14 H\=1.2 H\=2.0 
93.8 96.1 93.2 
90.9 92.5 90.5 
2.9 3.6 2.7 
27 26 32 
3.9a 2.1 1.5 
-- 2.6 3.0 
0.122 0.101 0.109 
0.033(') 0.078(+) 0.078(+) 
0.348 0.642 0.642 
0.072 0.247 0.253 
0.642(') 0.642<-> o.64i·) 
111-92 113-94 109-93 
11.2 16.9 29.1 
314 131 145 
112 113 109 
27.9 22.7 38.2 
10.4 7.7 6.3 
42.6 44.3 35.8 
25.6 7.2 9.3 
45 121 86 
. The optimal design for H\=2" has higher W tot and mass than the slab coil, and no benefit from increasing 
cabinet volume. Using the cost approximations from Table 2.2, the 2" one-row configuration costs $1.50 more to 
operate than the slab coil, while costing $10.50 more in steel. While the shorter one-row configuration (1.2") costs 
-$12 more to operate and -$5 more in mass, it saves -$9 in cabinet volume compared to the slab coil. Despite these 
net cost penalties, the one-row coil has the added advantages of reduced cycling losses due to circuiting, and 
reduced internal volume (7.2in3 vs. 9.9in3) compared to the slab coil. 
23 
..... 
5. FAN AND DUCT TRADEOFFS 
5.1 Fan effects 
The analysis presented in the previous sections held the combined fan-motor efficiency constant at 7.5%, the 
value obtained from Morrill Motors. Recent industry trends suggest that these PSC motors might be replaced by 
more efficient DC motors. To determine how these motors might impact the optimal design, the combined fan-
motor efficiency was doubled to 15% and the coils were re-optimized. Table 5.1 shows how the higher efficiency 
fan-motor assembly affects the optimal design and Figure 5.1 shows the direct effects on total power and air 
flowrate. The result in all cases called for increasing air flow 18-19%, thus decreasing condensing pressure and 
reducing the energy use by around 2%. By relying more on airflow than on coil geometry, the performance 
differences between the coil designs were reduced. The optimal coil geometries were affected only slightly. 
Table 5.1 Fan-motor efficiency effects 
Sawtooth Slab Block 
2x25xl4 2x25x14 8x8x14 
TJftn=7.5% TJftn=15% TJftn=7.5% TJftn=15% TJftn=7.5% TJftn=15% 
WIDt{W) 93.7 91.8 92.8 91.2 93.8 92.0 
Wcomp(W) 90.7 89.4 90.2 89.1 90.9 89.6 
Wfan(W) 3.0 2.4 2.6 2.1 2.9 2.4 
V (cfm) 53 63 35 42 27 32 
Dt (in) 0.159 0.162 0.111 0.117 0.122 0.128 
Dw (in) 0.078(+) 0.078(+) 0.033<-> 0.033(-) 0.033(-) 0.033(-) 
St (in) 0.464 0.446 0.481 0.468 0.348 0.345 
Sw (in) 0.191 0.187 0.086 0.085 0.072 0.072 
Ss (in) 
-- --
0.642(-) 0.642(-) 0.642(-) o.64i-) 
Tc (F) 103 -101 101-99 108-93 105 -93 111-92 108-92 
mass (lb) 10.4 10.8 6.2 6.5 11.2 11.8 
Acooo (ft2) 13.9 14.3 16.8 17.3 27.9 28.5 
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Figure 5.1 Fan-motor efficiency effects 
Approximating cost tradeoffs as specified in Table 2.2, doubling fan-motor efficiency saves $6.94, $5.84 and 
$6.57 (present worth) in energy for the sawtooth, slab and block coils respectively. The optimal design for each coil 
required more steel. After adjusting for increased mass, doubling fan-motor efficiency has a net effect of saving 
$6.75, $5.70 and $6.30 for the three coils. 
5.2 Duct effects 
To examine the effects of a cleaner duct under the cabinet, the Cc! for the duct was cut in half for each case and 
the coil was re-optimized. However, since the duct coefficient appears with the velocity term only, the effects are 
not as substantial as with doubling fan-motor efficiency. Table 5.2 and Figure 5.2 provide the results of the cleaner 
duct optimizations. 
The greatest improvement occurred for the block coil, which now rivals the 2" high slab coil in energy 
efficiency. This suggests that further duct-related improvements may allow use of the block coil, and its associated 
increase in useable cabinet volume. 
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Table 5.2 Duct effects 
Sawtooth Slab Block 
2x25x14 2x25x14 8x8x14 
Cd=7.7 Cd=3.8 Cd=7.7 Cd=3.8 Cd=I1.5 Cd=5.8 
W,n,(W) 93.7 93.2 92.8 92.6 93.8 92.9 
WCOffiD (W) 90.7 90.3 90.2 90.1 90.9 90.3 
W fan (W) 3.0 2.9 2.6 2.5 2.9 2.6 
V (cfm) 53 57 35 36 27 31 
Dt (in) 0.159 0.153 0.111 0.112 0.122 0.124 
Dw (in) 0.078(+) 0.078(+) 0.033(-) 0.033(-) 0.033(-) 0.033(-) 
St (in) 0.464 0.468 0.481 0.493 0.348 0.387 
Sw (in) 0.191 0.198 0.086 0.088 0.072 0.078 
Ss (in) -- -- 0.642(-) 0.642(-) 0.642(-) 0.642(-) 
Tc (F) 103 -101 103 -100 108 - 93 107 - 94 111- 92 109-92 
mass (lb) 10.4 9.6 6.2 6.2 11.2 10.5 
Acond (ft2) 13.9 13.4 16.8 16.6 27.9 26.0 
Cutting Cd in half and re-optimizing not only reduces Wtot ' it has the added effect of decreasing coil mass as 
well. For the sawtooth coil, the optimal design for a cleaner duct saves $1.83 and $0.37 in energy and mass, 
respectively. The slab coil with the streamlined duct saves $0.73 in energy and no savings in mass, while the block 
coil saves $3.29 and $0.32. However the effect is not as strong with Cd as it is with TJfm because it only affects the 
duct portion of fan power while TJfm affects both the coil and duct portions. 
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6. COST MINIMIZATION 
Earlier analysis entailed some extrapolation outside normal ranges. However, tube and wire diameters are 
purchased in standard sizes of varying costs. The approximate costs listed earlier for wire and tube values are 
idealizations, assuming a constant price for all tubes and wires sizes. In reality, thinner wires cost more per pound 
than thicker wires, while tube prices vary by nominal size and wall thickness. Therefore the objective function was 
redefined as cost and the optimization problem was solved again. Assuming 50% runtime: 
cos t = ($0.0851 kWh)· (4380 hrl yr· Wtol )+ (price/ft tube)· Ltube + (pricellb wire). mWire 
Based on informal discussions with industry engineers at several companies, the smallest economically 
reasonable tube outer diameter is 5/32" (0.156 in.) for household refrigerators. It could possibly become 1/8" (0.125 
in.) in the future, but more development is necessary. As tubes become smaller, it becomes increasingly more 
expensive to maintain a constant value of D/Dt,i as specified in all earlier simulations. The thinnest reasonable wall 
thickness is currently 0.020 in. compared to 0.019, 0.013 and 0.015 for the "optimal" sawtooth, slab and block coils 
respectively. As mentioned in Chapter 2, typical wire-on-tube condensers use wire diameters ranging from 0.048 to 
0.063 in. (18 to 16 gage wire). All optimizations tended toward either the lower or upper search bound, 0.033 and 
0.078 in., respectively. These upper and lower search bounds were obtained by arbitrarily increasing the standard 
range in both directions, and are not standard wire sizes. Figures 6.1 and 6.2 show approximate cost data for tubes 
and wires, respectively. For both tubes and wires, the cost was approximated by a linear curvefit, with the equations 
given on each graph. 
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Another concern with the prior optimizations is the fact that the "optimal" tube spacings are all less than 0.5 in., 
for the 2-inch duct height. The current 25 cubic foot side-by-side Amana design uses 3/16 in. tubes spaced at 
0.875in., or 4.7 times the tube diameter. For the minimum-energy designs, this ratio was 2.9, 4.3 and 2.8 for the 
sawtooth, slab and block coils respectively. Industry engineers expressed concern about the tightness of the U-
bends, unless tube diameters were reduced. Therefore, in the new optimizations the variable St was replaced by the 
ratio SIDt and the minimum bound was set to 4. The new variable bounds are specified in Table 6.1 and results in 
Table 6.2. 
Table 6.1 New optimization constraints 
lower bound 
variable 
upper bound 
search correlation correlation search 
0.156 0.189 Dt (in) 0.189 0.313 
0.020 0.028 t...n (in) 0.028 0.040 
0.035 0.048 Dw (in) 0.063 0.072 
4.0 5.3 SJDt 5.3 --
0.04 0.189 Sw (in) 0.25 0.40 
0.642 0.64 Ss (in) 3.0 3.0 
-- -- Tc(F) -- --
bold mdlcates changes from preVIous constramts 
Minim!zed cost requires a balance between low energy and low mass. For all four coils, the minimum cost 
increased W tot while decreasing mass by at least 50%. This is accomplished by increasing tube and slab spacing 
(and therefore decreasing Lcond) while simultaneously decreasing wire diameter when possible. All four coils tended 
toward the thinnest wires due to their light weight, despite costing more per pound than thicker wires. The one-row 
coil reduced weight the most by decreasing Hz from 2.9 to 1.2" to decrease tube length.from 132 to 73 ft. The slab 
coil experienced the least reduction in mass because it only weighed 6.21b at the min- W tot design. 
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Table 6.2 Minimum cost coils 
Sawtooth 
2x25x14 
min- Vltot min - cost 
cost ($)8 38.97 37.62 
Wtot(W) 93.7 95.4 
Vlcomp(W) 90.7 92.3 
Vlfan(W) 3.0 3.1 
V (cfm) 53 52 
Dt (in) 0.159 0.156(·t) 
twall (in) 0.019 0.02(-t) 
Dw (in) 0.078(+) 0.035(-t) 
SIDt 2.9 7.8 
St (in) 0.464 1.22 
Sw (in) 0.191 0.081 
Ss (in) -- --
Tc(F) 103 -101 105 -104 
mass (lb) 10.4 4.6 
Acond 13.9 10.9 
Lcooo (ft) 115 49 
(a) - cost includes energy and mass effects only 
(-) - original minimum bound 
(-t) - new minimum bound 
Slab 
2x25x14 
min- Vltot min - cost 
37.74 37.07 
92.8 95.9 
90.2 92.9 
2.6 3.0 
35 46 
0.111 0.156(·t) 
0.013 O.02(-t) 
0.033(-) 0.035(-t) 
4.3 4.0(-t) 
0.481 0.624(-t) 
0.086 0.066 
0.642(-) 2.1 
108 -93 105 -105 
6.2 2.8 
16.8 6.4 
147 37 
Block 
8x8x14 
min- Vltot min - cost 
41.51 38.37 
93.8 99.4 
90.9 95.4 
2.9 4.0 
27 32 
0.122 0.156(·t) 
0.015 0.02(-t) 
0.033(-) 0.035(-t) 
2.8 4.0(-t) 
0.348 0.624(-t) 
0.072 0.045 
0.642(-) 3.2 
111-92 109-108 
11.2 2.8 
27.9 6.3 
314 37 
One-row 
H\=1.2 
min- W tot min - cost 
H2=2.9 H2=1.2 
38.78 37.45 
96.1 97.7 
92.5 93.8 
3.6 3.9 
26 31 
0.101 0.156<-t) 
0.012 O.04(+t) 
0.078(+) 0.035(-t) 
6.4 4.5 
0.642(-) 0.079 
0.247 0.146 
0.642(-) 0.079 
113 -94 110-100 
16.9 6.7 
22.7 11.6 
131 73 
(+) - original maximum bound 
(+t) - new maximum bound 
':". 
As discussed earlier, the sawtooth must have low refrigerant pressure drop to minimize energy. As indicated in 
Figure 6.1, the smallest tubing is the least expensive. Therefore, to minimize material cost, the sawtooth coil uses 
the smallest tubes in the new new constraints (0.156"), which is smaller than the min-energy Dt (0.159"). To keep 
pressure drop low with thinner tubes, the tubes are spaced farther apart to reduce length. As a result, the min-cost 
sawtooth coil has the highest ratio of SIDt (7.8). 
The block coil decreased cost the most by reducing tube length from 314 to 37ft. to reduce mass to the lowest 
of the four coils. While the block coil still costs more than the others, this analysis considered only energy and mass 
effects, and did not account for the lower duct height possible with the block coil. When this effect is included, the 
block coil saves and additional-$11 compared to the sawtooth and slab designs and -$2.50 compared to the one-
row coil. 
The one-row coil could not compete in terms of energy; it used more than 2 W more than the other coils. 
However, when it is optimized for minimum cost, the one-row coil falls between the slab and sawtooth designs. 
While it uses more energy than the slab or sawtooth coils (97.7 W compared to 95.9 and 95.4), the minimum-cost 
one-row coil allows for a lower duct underneath the cabinet, approximately saving an additional $8.50 versus these 
designs. It has the added benefit of reducing cycling losses by not allowing liquid to pool in the condenser upon 
shutoff, a concern for the slab, block and sawtooth designs. In fact, the min-cost coil is even better than the min-
energy design in this aspect. While the min-energy one-row design had about 35% vapor at the start of the multi-
tube slabs, the min-cost coil was 63% vapor at the same location. 
To determine how sensitive the coils are in terms of cost, a parametric analysis was performed to minimize cost 
for multiple values of energy near the minimum-cost designs. Figure 6.3 shows the tradeoffs between cost and 
energy for all four coils. As seen in the figure, all four designs have a shallow minimum allowing for a decrease 
in W tot without increasing cost substantially. For all four coils it is possible to decrease W tot by 0.6W from the 
min-cost design while increasing cost between $0.05 and $0.10. For a 1.2W reduction, the one-row coil has the 
greatest increase in cost, $0.27, while the block, slab and sawtooth increase cost by $0.15, $0.17 and $0.16, 
respectively. 
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7. CONCLUSIONS 
Based on the results presented in the previous chapters, several conclusions can be drawn. They have been 
reached by performing steady-state optimizations of various wire-on-tube condenser configurations, rejecting 185W 
(631BtuIhr). 
1) All coils analyzed here require less energy than typical current designs. The reduction in compressor 
power is due primarily to the fact that the condensers simulated here reject 185W as opposed to 270W 
to comply with the 2001 energy standard. When scaled by the 2001 energy standard, current designs 
would consume around 9OW. All proposed designs have compressors drawing 90-93W. 
2) The biggest advantage of the proposed designs is that increased angles of attack (60°_90° versus 0°_ 
15°) can achieve identical heat transfer coefficients at lower face velocities. Therefore, flowrates are 
reduced 50-70%, decreasing fan power 50-60% for comparable compressor power and coil mass. 
While not examined here, the lower flowrates and velocities would result in quieter operation. 
3) Coils with bulk counterflow configurations (slab, block, one-row) can achieve substantial energy 
savings at the fan, by reducing air flow rates to about one-third of today's levels. A smaller amount of 
compressor power is used to increase compressor discharge pressure to create a large temperature glide 
in the condenser. This allows the use of tubes having small diameters and spaced closely to allow use 
of smaller wire diameters without loss oftin efficiency. Together these smaller cylinders have larger 
heat transfer coefficients and larger heat transfer area than the wires and tubes used today. 
4) The sawtooth design is basically crossflow and cannot exploit low air flows and large temperature 
glides like the counterflow designs. Therefore, it uses tubes larger than the counterflow coils, 
requiring fatter wires to maintain high fin efficiency. 
5) Overall performance could be improved by utilizing a more efficient fanlmotor assembly or a highly 
streamlined duct with fewer air flow inhibitors. Either option decreases energy 1-2% while increasing 
flowrate 3-18% (still 40-60% less than current designs). 
6) The 2" slab coil utilizes the least energy and can be optimized for the least cost, compared to the other 
designs. The biggest drawback with this configuration is the possibility of cycling losses due to 
circuiting. 
7) When accounting for the cabinet volume benefit of a lower duct height, the block and one-row 
configurations have the lowest total costs. However, the energy consumption for these two designs is 
the greatest of all the options. 
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APPENDIX A. CORRELATIONS 
A.1 Single-phase heat transfer (Dittus-Boelter, 1930) 
The Dittus-Boelter correlation for single phase turbulent heat transfer is 
and applies when 
h = 0.023~Reo.8 PrD 
Dt,i 
0.7 ~ Pr~160 
Re ~lO,OOO 
L ~1O 
D 
where n=O.4 for heating and 0.3 for cooling. Since this equation is used in the superheated region of a 
condenser, n=O.3 in this paper. 
A.2 Two-phase wavy flow heat transfer (Dobson-Chato, 1994) NU 2ph k lo 
h 2ph = ---'---
Dt,i 
Nu = 0.23Ree:2 [GaPrIJO.25 +(l-~JNU 
2ph 1 + 1.11 X~·58 J a 1t forced 
Ga = PI (PI -pJgD~i 
/l; 
Ja'is given in Eq. AS, but Bridges and Bullard (1995) provided the given approximation 
( - JO.875( J0.5( JO.I25 X =~ ~ ~ It 
X Pf /lv 
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(AI) 
(A2) 
(A3) 
(A4) 
(AS) 
(A.6) 
(A7) 
(A8) 
ForO < Fr ~ 0.7 
cl = 4.172 + 5.48Frl -1.564Frl2 
c 2 = 1.773 -0.169Frl 
ForFr) >0.7 
cl = 7.242 
c2 = 1.655 
9) sin(29) 
a = - - ----''--
1t 21t 
1-~ == arccos(2a -1) 
1t 1t 
1 
A.3 Single-phase pressure drop (ASHRAE, 1997) 
L 0 2 M>=f---
64 
Re 
f = 0.3164 
ReO.2S 
0.221 
0.0032 + ReO•237 
D t 2p 
for 
for 
for 
Re < 2100 
2100 < Re < lxlOs 
Re > lxlOs 
A.4 Two-phase pressure drop (de Souza and Pimenta, 1995) 
M>2pb = M> friet + M> acce) 
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(A.9) 
(A. 10) 
(A.ll) 
(A. 12) 
(A.13) 
(A. 14) 
(A. 15) 
(A.16) 
ill> accel = G 2 (Vout -Vin ) (A. 17) 
(A.IB) 
(A. 19) 
If the inlet or outlet condition is neither saturated vapor or saturated liquid, then the specific volume from 
equation A.17 is calculated by equation A.I9. The correlation for the void fraction (a) is given in equation A.II. 
The two-phase multiplier (<<Plo2) and the property index (a) are calculated as follows. 
(A.20) 
( JO.S( JO.I25 r= £L &. 
Pv J1f 
(A.2I) 
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APPENDIX B. ADDITIONAL GRAPHS 
100.-~~~r-----------~~------~------~--------------, 
I .' 
99 
98 
. 
97 
. 
" 
96 " 
! 95 J 
94 
93 
92 
91 
90 
0.05 
....--.! 
extrapolation 
.............. 
0.1 0.15 0.2 
normal 
range 
, . 
:-----. ,.' 
! p)(t'rapolation 
, .. ! .. , .. 
,. 
0.25 0.3 
s.. [inJ 
Dt=0.159, St=0.505 
0.35 0.4 
Figure B.1 Wire effects on energy for sawtooth coli (H=1.5) 
14,-----~--------------7_--------~·----------~----~~~~ 
~ 01=0.159, 8t=0.505 
13 
12 
11 
10 
I 9 
8 
'. 
" . 
5 
'" 
". 
+---! 
extrapolation I 
", 
" . 
....... 
normal 
range 
extrapolation 
·····r .. ·· .... ·· ...... l· .......... 
4+-------,-------,-----T·-.-------r·------·-.. ~·-.. -.. -.. -·-.. ~ .. ~ .. ~·~ ..~ ..~ .. ~·~ ..~ ..~ 
0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 
s.. [inJ 
Figure B.2 Wire effects on mass for sawtooth coil (H=1.5) 
36 
Ow [inch] 
-0.078 
---0.055 
...... 0.033 
Ow [inch] 
-0.078 
---0.055 
...... 0.033 
.... 
! 
.J 
I 
;::, 
WI 
WI 
• E 
100 
99 
98 
97 
96 
95 
\ 
\ 
94 \ \ 
" 
, 
93 
92 
91 
90 
0.05 
14 
13 
12 
11 
10 
9 
8 
, 
, 
7 , 
". , 
6 
5 
;" 
;" 
0.1 
/ 
/ 
;" 
;" 
/ 
/ 
/ 
'/ ), 
+---i 
extrapolation i 
/ 
/ 
/ 
/ 
/ 
normal 
range 
/ 
/ ! / 
1/ 
l' /. 
1 
i--' 
/ 
/ 
i extrapolation 
0.15 0.2 0.25 0.3 
s.. [In] 
Dt=O.157, S.=O.409 
0.35 0.4 
Figure B.3 Wire effects on energy for sawtooth coli (H=3) 
". 
, " 
". 
". 
'" 
+--! 
extrapolation ! 
1 
...... 
...... 
normal 4 
range extrapolation 
........ 
. j...... J 
1 .......... 1·· .... • .......... • 
...................................... 
Ot=0.157,8.=O.409 
4+-------.-------,,-----.-.-------r-------.-------.------~ 
0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 
s.. [In] 
Figure B.4 Wire effects on mass for sawtooth coil (H=3) 
37 
Ow [inch] 
-0.078 
--0.055 
- - - 0.033 
Ow [inch] 
-0.078 
--0.055 
...... 0.033 
.. ' 
14 
13 
12 
11 
10 
g: , 
1/1 9 , 1/1 
'. 
" E 
8 
7 
6 
5 
4 
0.3 
Figure 8.5 Tube effects on energy for sawtooth coil (H=1.5) 
.--! 
extrapolation ! normal 
I range 
". 
'. , 
" . 
.. ...... 
.. ...... 
.. .......... 
............................................... 
0..=0.078, 5..=0.205 
0.5 0.7 0.9 1.1 1.3 1.5 1.7 1.9 
S. [In] 
Figure 8.6 Tube effects on mass for sawtooth coil (H=1.5) 
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APPENDIX C. REFRIGERANT PROPERTY OBSERVATION 
This appendix describes a simple analysis conducted to explore a counterintuitive effect discovered in 
the course of the condenser optimizations. Surprisingly, the simple analysis suggested that increasing 
compressor discharge pressure could increase cycle efficency. However, a more detailed simulation, also 
summarized here, confirmed that assumptions underlying the simple analysis were incorrect, and efficiency 
does indeed decrease as expected. 
This counterintuitive result is due to the shape of the saturation dome for R134a. Increased pressure 
drop causes the outlet temperature to decrease, and the inlet temperature to increase. These changes cause 
hr to decrease and hg to increase due to the shape of the dome near standard condensing temperatures. This 
effect increases Ah in the condenser and therefore decreases ril required for a given Qcond. By maintaining 
a constant amount of heat rejection, ril decreases enough to compensate for the higher condenser discharge 
temperature and reduces Wcomp ' Figure C.l shows a thermodynamic cycle illustrating this effect at Qcood = 
631 Btulhr (185 W). 
For the simple analysis the compressor was modeled by specifying an isentropic efficiency (0.54, from 
actual compressor data). A captubelsuction line heat exchanger was included with effectiveness = 0.7. The 
evaporator was modeled with lOoF of superheat and the condenser was modeled as having to desuperheat 
67°F (as specified in the full model). 
Qcond=631 Btulhr 
Tcond=105° F 
Figure C.1 AP effect on ideal refrigerator cycle (Qcond=const) 
As shown in Figure C.l, reducing ril while holding Te constant decreases evaporator capacity (from 
514 to 504 Btulhr). In real systems, however, it is more realistic to hold Qevap constant and allow Qcood to 
vary. Therefore, the above analysis was repeated while maintaining Qevap at 514 Btulhr and then increasing 
condenser refrigerant-side pressure drop. Figure C.2 shows the results of this analysis. 
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By holding Qevap constant, ril still decreases because inlet quality is lower, thus increasing Ab. 
However, ril does not decrease as much as before. As a result, the effect of increased condenser inlet 
temperature is larger than the effect of decreasing ril, and Wcomp increases. In this case, Qcood increases 
from 631 to 643 Btulhr (2%), while increasing Wcomp from 94.5 to 96.1 W «2%). 
103 
Q.vap=514 Btulhr 
TCOnd=105° F 
105 OF 
102 I I 
I 
I 
..... I 
• !!! I 
Ii I I 
.... I A- I 
I I -10~ 
~--e. 
101 
aPc=Opsi aPc=30 psi 
m=7.3 Ibm/hr m=7.1 Ibm/hr 
Wcarp=94.5 W Wcarjl=96.1 W 
QconcF631 Btulhr Q~43Btulhr 
10° 
0 20 40 60 80 100 120 140 
h [Btullbm1 
Figure C.2 AP effect on Ideal refrigerator cycle (Oev.,,=const) 
After discovering these tradeoffs, sensitivity analysis was conducted on the full ACRC refrigerator 
model (RFSIM) while making no assumptions as to the values of Qcoad or Qevap. In this analysis, condenser 
tube diameter was decreased in ord~r to create a higher pressure drop. In this analysis both Qcoud and Qevap 
changed slightly « 1 % each) and Wcomp increased less than 2% by increasing AP cood from 3.1 to 46.2 psi. 
Since these effects were so small, the objective of the overall project remained unchanged: to determine 
the optimal condenser design, while rejecting 185 W (631 Btulhr). 
To determine if this effect is exclusive to R134a, similar analysis was performed on an air conditioning 
cycle using R41Oa. Input data was obtained from a 3-ton alc system with indoor temperature, outdoor 
temperature and relative humidity of 80°,95° and 51 % respectively. Figure C.3 shows an ideal ale cycle of 
AP cond =0 and 40 psi, while holding Qcoud constant. As seen in Figure C.3, the saturated vapor line is steeper 
for R41 Oa than for R 134a. Therefore, the effect of increasing pressure drop does not increase Ab as 
significantly as it did with Rq4a, and ril does not decrease enough to compensate for the higher discharge 
temperature, thus increasing W comp' Therefore, increasing APcond for air conditioners with R410a has a 
worse effect than for refrigerators with R134a. 
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Figure C.3 aP effect on ideal ale cycle (QCOnd=const) 
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